Background: The occurrence of multi-directional sliding motion between total knee replacement bearing surfaces is theorized to be a primary wear and failure mechanism of ultra-high molecular weight poly (ethylene) 
Introduction
The clinically relevant wear testing of orthopedic bearing materials is a complex experimental and theoretical issue. In general, as any tribology experiment increases in similarity to in vivo total joint conditions, the simplicity and affordability of that experiment decreases. It is for this reason that experimentally "simple," yet clinically relevant wear testing has been an elusive goal for the biomaterials community. Most often, the experimentalist is forced to compromise and choose an experimental configuration somewhere in between the extremes of simple and clinically relevant.
On one end of the spectrum, total joint simulators are often regarded to be the best option for final wear analysis of candidate orthopedic bearing materials. However, these simulators require complex loading and displacement inputs, are expensive to build and maintain, and require significant sample preparation ͑up to and including the actual fabrication of a finished test implant͒. On the other end of the spectrum, pin-on-disk testing is an experimentally simpler and more affordable method by which quantitative measures of material wear performance can be obtained. Often, these pin-on-disk wear tests are performed under conditions that are limited representations of the in vivo condition ͓1-4͔. The adoption of simplified experimental conditions at the expense of physiologic similarity is often seen to be the preferred choice for the initial screening of candidate materials. At some point, however, the trade-off becomes substantial enough that the data has questionable relevance to the in vivo application being modeled. Unfortunately, recent evidence has shown that the wear behavior of traditional orthopedic bearing polymers such as UHMWPE is greatly affected by the compromises of simplified configurations and motions ͓4͔. These simplifications can result in wear mechanisms and results that differ greatly from the in vivo condition.
Recent studies have produced significant gains towards the accurate characterization of total joint replacement kinematics and function, yielding quantifiable measures of bearing tribological variables, including start/stop transients, contact sliding velocities, accelerations, ranges of travel, and contact pathway mappings ͓5,6͔. Through direct comparisons between in vitro total knee re-placement ͑TKR͒ simulation and in vivo TKR fluoroscopic kinematic data, concrete estimates of total knee replacement kinematic function have been established ͓7,8͔. In addition, knee simulator studies using physiologically relevant loading patterns have shed further light on multidirectional crossing pathways ͓9,10͔ thought to result in accelerated wear and thus linked to the primary failure mode of UHMWPE. To date, these new volumes of physiological data have had only limited application in the field of polymeric wear and orthopaedic bearing tribology. Such quantifiable estimates of basic bearing tribology offer great potential for the reintroduction of this data into basic wear testing research. It is hoped that such studies will foster the development of experimentally "simple" yet physiologically relevant wear testing methods that can be used to more directly and affordably access the study of basic orthopaedic bearing tribology.
This paper details the design and use of a novel wear testing system which can more realistically reproduce the reported ranges of kinematic parameters that have been quantified in vivo. These include such phenomena as variable velocities, stop/start, physiologic ranges of sliding motion, and both linear and multidirectional crossing pathways. Most importantly, however, this novel wear testing system has the ability to specifically investigate the relationship between cross-motion pathway kinematics and crossmotion wear. This is achieved by combining the basics of pin-ondisk testing with the complexities of physiological kinematic simulation.
Through an experimental comparison of surface damage resulting from linear versus multidirectional motion, this paper realizes three objectives: ͑1͒ to introduce the design of a novel cross-shear wear testing system, ͑2͒ to describe a method whereby complex cross-shear damage on UHMWPE bearings can be produced and quantified, and ͑3͒ to discuss the tribological relevance of using a metal ball on polymer flat to study the phenomena of cross-shear wear.
Materials and Experimental Methods

The Multi-Axis Cross Shear (MAX-Shear) Wear
Testing System. The Multi-Axis Cross Shear ͑MAX-Shear͒ wear testing system ͑Fig. 1͒ is modeled on the original design concepts of a basic pin-on-flat wear testing platform. Each of the six stations incorporates an upper bearing material that is attached to a pin, and a lower bearing material that is attached to a specimen holding plate. The primary advantage of this classic arrangement is that any combination of candidate bearing materials can be incorporated into the testing setup.
The MAX-Shear wear testing system lower specimen fixtures rest on a precision x-y traveling stage. The stages are driven by 5.08 mm ͑0.200 in.͒ pitch precision ground worm gears that are attached to closed-loop dc brushless servo motors with 4000 count per revolution optical rotary encoders. This entire system rests on a vibration isolation platform. The resulting configuration has a translation envelope of 30.48ϫ 30.48 cm ͑12ϫ 12 inches͒ with 1.27 micron displacement resolution, and is capable of pin to disk sliding velocities between 0 and 500 mm/ s, and accelerations between 0 and 5000 mm/ s 2 . Limit switches, lubricant baths, and heating control systems are incorporated into the x-y stage to monitor position and provide for appropriate environmental conditions at all times.
The statically loaded upper specimen pin is held by a linear spline bearing that prevents axial rotation but allows axial displacement. Below the spline bearing, a custom pin and load cell array configuration was designed ͑Fig. 2͒. An array of three 111.20 N ͑25.00 lb͒ load cells is used to trap the motion of the pin in the x-y plane. The pin then incorporates a 2 rotational degreeof-freedom universal joint proximal to the load cell array that allows for the x-y plane rotation of the distal end of the pin. The resulting entrapment of the pin by the load cells allows the load cell array to accurately assess the amplified frictional reaction forces at the bearing material interface during x-y plane shearing motions to a 1.68 N resolution.
The displacement of the x-y stage is controlled using custom designed motion control software ͑LabView, National Instruments, Austin, TX͒ and signals from the load cell array and displacement data are synchronized, monitored, processed, and recorded using custom software as well ͑LabView, National Instruments, Austin, TX͒. During testing, frictional reaction forces and x-y stage displacements are monitored constantly and periodically recorded at 1000 Hz for an average of at least ten cycles to assure the collection of cross-motion frictional transients and static frictional coefficients.
For the current study, three of the six wear testing stations were used as described herein, with the other three stations being used concurrently for a separate investigation.
Test Conditions.
Upper and Lower Bearing Surfaces (UBS and LBS).
The upper bearing surfaces consisted of polished stainless steel spheres, 15.0 mm in diameter, on the distal ends of the pins of the individual testing stations. Roughness averages and curvatures of the tops of the pins were measured with an NT-2000 noncontacting surface profilometer ͑Wyko, Tuscon, AZ͒ to insure specimen uniformity.
The lower bearing surfaces were composed of flat UHMWPE samples ͑25.4ϫ 76.2 mm, with a thickness of 7.0 mm͒ machined perpendicular to the ram extrusion axis of unsterilized GUR 4150 ͑Poly Hi Solidur, Fort Wayne, IN͒ bar stock. The bearing surfaces of the UHMWPE were microtomed using a diamond knife and both the upper and lower bearing specimens were cleaned according to ASTM F-1715 prior to testing. All specimens were weighed and stored under vacuum until use.
Specimen point contact loading parameters for the study were estimated using a circular Hertzian contact model ͓11͔. The following material parameters were used: Poisson's ratio UBS = 0.27
The total mass of the MAX-Shear wear testing system loading pin was added to that of the stainless steel balls to calculate axial loads used in this study. Additional weight was added to the top of the loading pin such that an initial bearing contact stress of 11.6 MPa was achieved. Conservative estimates of peak stresses in certain total knee joint designs exceed 15 MPa ͓12͔, although some have been shown to experience peak stresses of 30 MPa or higher ͓12,13͔. Approximately 12 MPa was chosen as a representative average stress with physiologic relevance, but still well below both the compressive and tensile yield strengths of UHM-WPE ͓1͔.
For this study, the UHMWPE material is positioned as the lower bearing material, and the stainless steel sphere is positioned as the upper bearing material. This is similar to the physiologic conditions found in total knee joint replacement bearing systems. Most multi-axis pin-on-disk wear testing configurations are the reverse of this, in an effort to subject the UHMWPE surface to as much wear as possible. With the UHMWPE material as the pin, it is constantly loaded and subjected to the full sliding trajectory that is imposed by the system. This results in constantly changing cross-shear conditions, which have been shown to accelerate the wear of the material. The physiological relevance of this loading configuration varies by application. For example, the polymer components in total hip ͑as opposed to knee͒ joints can be thought of as continuously loaded under ideal conditions. However, it is important to note that the progression of wear in such a joint could also lead to a loose-ball-in-socket condition that would include conditions of offloading, lift-off, and discrete regions of crosspathway motions that could not be accurately characterized by constant UHMWPE loading models.
Consideration of the differences between constant versus periodic loading of the sacrificial material, especially with respect to viscoelastic materials, is key to preserving relevance when modeling complex in vivo wear using simulator or other more simple in vitro testing. For total knee implants, many locations on the UHMWPE surface in vivo are intermittently loaded as the femoral component slides, rolls, or glides over the surface of the tibial plateau. As such, the UHMWPE bearing surface is not constantly loaded; rather it is subjected to shear forces induced by intermittent, variable, independent crossing pathways. The MAX-Shear system mimics this in vivo condition by positioning the metallic bearing surface on top and allowing the metallic surface to slide across the surface of the UHMWPE. In this manner, the UHM-WPE surface is subjected to controlled conditions of intermittent loading with defined cross-shear conditions at regions of interest. These conditions best mimic the tribological conditions found in nonconforming total joint geometries that are subjected to complex motions, especially in regions that are outside the normal contact pathways encountered in conservative activities such as walking and stair-climbing.
Wear
Pattern. For the current study, a wear testing profile was developed that incorporated many of the physiologic conditions that have been observed tribologically in orthopaedic bearings. First, a stop/start condition was incorporated into the profile to simulate stop/start and to quantify static and dynamic frictional coefficients. Second, a dynamic sliding velocity of 50 mm/ s was chosen to represent an average velocity that has been measured ͓8͔ in total knee joints. Finally, discrete locations of crossing point motion were mapped into the wear profile so that their areas could be more closely examined and compared to the linear portions of the wear testing profile. These physiologic wear parameters led to the development of a cyclic five-pointed star pathway ͑Fig. 3͒. This pathway is not unlike recent trajectory findings that were quantified from total hip ͓14͔ and total knee replacement ͓10͔ simulator studies.
The MAX-Shear wear testing system was programmed for a pin-on-disk trajectory that would trace out a five-pointed star pattern shown in Fig. 3 . This was achieved through five linear motions of 20.000 mm each, for a total cycle path length of 100.000 mm. Each 20.000 mm segment lasted 0.600 s and was composed of a 0.200 s ͑250.00 mm/ s 2 ͒ acceleration phase, a 0.200 s ͑50.00 mm/ s͒ constant velocity segment, and a 0.200 s ͑250.00 mm/ s 2 ͒ deceleration phase. Finally, each stopping point lasted 0.200 s for a total trajectory period of 4.000 seconds per cycle. The star pattern incorporated five crossing points whereby each segment crossed over two other segments during its travel. Each intersegment crossing point angle measured 72.00°and occurred during the constant velocity segment of motion. This wear pattern allowed for a closed loop pathway with five trajectories, each of which applied equal kinematic treatments to the material. All five motion segments could therefore be grouped for comparison against other specimens for statistical analysis where appropriate.
Testing
Environment. 50 ml of 50% bovine serum ͑Hy-clone, SH30,073.03 lot ALH14385+ 0.2% w / v NaN 3 antimicrobial agent͒ was added to each station of the MAX-Shear wear testing system and evaporation barriers were utilized. Soak controls were immersed in serum and placed in an environment with a constant temperature of 37.0°C. The serum in the stations was allowed to warm to 37.0°C before wear testing was started. Lubricant levels were checked periodically and deionized water was added as necessary to compensate for evaporative loss. Friction measurements were taken at approximately 0 km, 0.2 km, 20 km, 40 km, 60 km, 80 km, and 100 km cycles. The temperature of the lubricant was maintained at 37.0°C throughout the testing procedure. Experiments were terminated at 100,000 cycles corresponding to a total distance of 10 km. Soak controls and wear samples were removed from immersion and were cleaned according to ASTM F-1715. Test lubricant was collected for future particle analysis.
Characterization Methods.
2.3.1 Profilometry. Surface analysis was performed using an NT-2000 noncontacting surface profilometer ͑Wyko, Tuscon, AZ͒ with a 1.2ϫ 0.93 mm 2 field of view and a magnification of 5.2 ϫ. Prior to the wear test, the radius and roughness ͑Ra͒ of the UBS was established, and surface scans of the LBS at the approximate locations of the intersections of the motion pathway were taken. Following the wear test, surface scans of the cleaned and Transactions of the ASME dry LBS were taken at the five points of cross shear and along a linear, constant velocity portion of each of the five lines of the star pattern.
Data Processing and Volume Reconstruction.
A volumetric reconstruction protocol was developed to quantify the volume per unit length required to fill the damage tracks at both the linear and crossing points on the UHMWPE specimens. A WYKO® NT2000 noncontact surface profilometer was used to quantify the threedimensional surface geometry of the damage tracks. Surface scan magnifications and fields of view were chosen such that the entire width of the damage track could be quantified in a single scan ͑usually 2.5ϫ or 5ϫ magnification͒. Using the control and calculation software that was bundled with the profilometer ͑Vision32 TM ͒, each profilometry scan was analytically processed via the following routine: ͑1͒ The undamaged surfaces bordering each edge of the damage track were first identified. ͑2͒ The editing software was used to mask ͑or exclude͒ these undamaged surfaces from surface analysis, and to create a zero-damage surface datum. ͑3͒ A second set of masks was then placed on either end of the damage track, perpendicular to track travel, to create a rectangular damage area with known length and width. ͑4͒ The volume required to fill the remaining unmasked damage track to the original level of the undamaged surface was then calculated. ͑5͒ The length of the exposed damage area was then used to quantify the average volume per unit length of the damage track. For the areas that experienced cross shear, step͑3͒ was performed in both directions of shear, such that only the crossing damage was volumetrically assessed. The lengths of the damage tracks in both directions were then measured, averaged, and used to calculate the final average volume per unit length for the cross shear areas.
The reconstructed volume loss was normalized to the length of the damage track to enable a direct inter-and intraspecimen comparison between the damage volumes seen in both the linear and cross-shear areas. The accuracy of this volumetric reconstruction method was verified by calculating the average radius of curvature per unit length for each surface scan. The resulting average radius of curvature along the damage track was in close agreement with manual calculation of volume based on the measured parameters of width, depth, and length in the damage track.
The comparison between normalized volume loss in linear regions to normalized volume loss in cross-shear regions in the same sample can be expressed as a ratio. In testing conditions in which the "disk" experiences damage as a result of periodic loading, the amount of damage correlates to the number of contact cycles rather than to total path length ͑as opposed to many pinon-disk configurations in which the material of interest is located on the pin and is damaged under constant load͒. In this study, the regions under cross shear have experienced twice as many contact cycles as corresponding linear damage track regions, therefore, the normalized volume loss ratio can be expressed as the quotient of the normalized volume loss in cross shear regions divided by twice the normalized linear volume loss. For example, if a linear damage track measured 50 mm 3 of volume loss per millimeter and an adjacent cross-point damage location measured 100 mm 3 of volume loss per millimeter, the normalized volume loss ratio ͑NVLR͒ for that cross-point would be calculated as follows: NVLR = cross-point volume loss/͑2 ϫ linear point volume loss͒ = ͑100 m 3 /mm͒/͑2 ϫ 50 m 3 /mm͒ = 1
If, however, the cross-point damage area measured 350 m 3 of volume loss per millimeter, the NVLR would be as follows: NVLR = cross-point volume loss/͑2 ϫ linear point volumeloss͒ = ͑350 m 3 /mm͒/͑2 ϫ 50 m 3 /mm͒ = 3.5
Friction Analysis.
For this study, the friction data from each of the six stations of the MAX-Shear wear testing system was collected at 1000 Hz and synchronized to the displacement profile signals from the x-y motion stage. Friction and displacement data were collected for 16 sequential cycles at the start of each test, after a brief ͑0.2 km or 2000 cycles͒ wear in period, and approximately every 2 km of path length up to the test length of 10 km/ 100,000 cycles. The period for each recorded cycle was calculated, and the data from ten sequential cycles were overlaid. Friction data were separated into start-up friction ͑occurring after start at the five points of the star͒ and constant velocity friction ͑for the middle portion of the contact pathway after acceleration and before deceleration to stop͒. Because maximum friction is most relevant with respect to start-up for this application, the average of the individual maximum coefficients of friction for the start regions was calculated. In addition, the average constant velocity friction was calculated using long regions between the crossing points on each individual line on the star pattern.
Scanning Electron Microscopy.
Specimens were gold coated to enhance visibility for scanning electron microscopy ͑SEM͒. The coating was applied with a Denton Vacuum Desk II Gold Coater at 25 milliamps for 3 min under a vacuum of approximately 50 millitorr. Gold coated samples were analyzed with a Hitachi S-3500N Scanning Electron Microscope using SEM Software Version 03-03 and PC Software Version 03-04-0370. Representative scans of undamaged polymer surface, damage in linear portions of contact pathways, and damage in cross-shear areas of each specimen were taken.
Results
Gross Observation.
The wear tests created star-shaped damage tracks on the surface of the polymer specimens. Visual examples of damage tracks can be seen in Fig. 4 . All five wear segments that make up the star pattern appeared identical in macroscopic wear morphology. In general, the linear and cross-shear portions of the wear track showed clear evidence of missing or depressed material. The linear wear tracks were characterized by burnishing and scratching with a polished appearance. The cross shear points showed clear indications of increased material loss or depression, with a more matted and dull appearance. Of note was the observation that the regions of stop/start at the points of the star compared closely to that of the cross shear areas, especially that region of the stop/start area where the incoming and outgoing motion pathways overlapped. The wear data from these stop/start locations will not be reported on in this study.
Gravimetric Analysis.
The dry weights of the wear test specimens were recorded before and after the wear tests, and weights were adjusted to compensate for the change in the soak control. Due to the relative magnitude of the variability introduced by weight gain from fluid absorption, even using soak controls, the amount of material loss from the wear specimens could not be accurately measured using a scale sensitive to ±0.0001 g. This was expected considering the small total contacting wear area and magnitude of actual material loss resulting from the testing. It is important to note that, as opposed to the gravimetric analysis approach of most pin-on-disk testing, the focus of this study was the volumetric quantification of the relationship of linear and cross motion damage mechanisms to surface damage.
Volumetric Reconstruction of Surface Damage.
A typical profilometry scan of an unmasked UHMWPE surface is shown in Fig. 5 . After masking, volume reconstruction was performed and the dimensions of the damage area were recorded. The normalized volume loss average and ratios for each UHMWPE specimen are given in Table 1 . For each specimen in Table 1 , values listed are the average of the five cross-shear points, or the average of a total of five sections of linear damage track ͑one from each of the five lines comprising the star shape͒ as appropriate. Statistical comparison between normalized linear and cross-shear volume loss for the same test specimen, using a two-tailed Student's t-test with two samples of unequal variance, showed a statistically significant difference ͑p Ͻ 0.0005͒ for all specimens..
Friction Analysis.
A typical friction trace is shown in Fig.  6 . Average friction coefficients reported represent the average friction of three specimens, with each specimen measurement consisting of an overlay of ten cycles. At the beginning of the test ͑0.2 km of path length͒, the average maximum start-up friction was 0.498 ͑±0.047͒ and the average constant velocity friction was 0.356 ͑±0.033͒. At 10 km of path length, the average maximum start-up friction was 0.447 ͑±0.035͒ and the average constant velocity friction was 0.277 ͑±0.034͒.
Reduction in Stress During
Testing. Initial calculations to create physiologically relevant stress during wear testing were based on Hertzian ball-on-flat contact mechanics for static loads. Since the testing was dynamic, the stresses calculated represent an approximation of the actual stress. This is an approximation for initial stress only, because as the material is subjected to damage, the ball-on-flat analogy becomes increasingly less accurate. The approximate radius of curvature of the wear track, and depth, at the end of the wear test were calculated from 2-D analysis of profilometry scans obtained on the Wyko NT-2000. After 10 km of total path length, the average radius of the damage track was 30.03 mm ͑±13.82 mm͒, and the average depth of the damage track was 1.4 mm ͑±0.4 mm͒. Based on the dimensions of the wear tracks, a more accurate approximation of the actual stress at the end of the test can be obtained by using circular Hertzian contact equations for two spheres, one of which ͑the lower bearing surface͒ has a negative radius representing a center of curvature which is outside the body. Using this approximation, the approximate maximum contact stress had been reduced to 7.34 MPa from the original approximate stress of 11.6 MPa. This change was considered to have been equal across specimens and test duration and was not considered to have influenced the interspecimen results of this study.
Scanning Electron Microscopy Analysis.
The surface outside of the damage tracks was characterized by fibrils which were visible at magnifications between 5000ϫ and 10,000ϫ and tended to be oriented consistently in the same direction. The sur- Transactions of the ASME face had parallel scratches, possibly an artifact from conditioning with the diamond knife. Figure 7͑a͒ shows a low magnification view of two linear damage tracks intersecting to form an area of cross-shear damage. The polyethylene surface inside the linear portion of the damage track was consistently characterized by fibrils aligned parallel to the orientation of the damage track as seen in Fig. 7͑b͒ . Evidence of surface damage and fracture within the wear track was also present ͓Fig. 7͑c͔͒.
The surface inside the cross-shear portion of the damage track was noticeably different than in the linear damage track. In the areas of cross-shear closest to the linear damage tracks, where it appeared the slope was steeper, a cobblestone appearance was visible as shown in Fig. 7͑d͒ . The ridges of the cobblestone lines were consistently perpendicular to the orientation of the closest linear damage track. Closer to the middle of the cross shear area the texture changed and was dominated by larger fibrils that appeared somewhat smeared, as shown in Fig. 7͑e͒. 
Discussion
Existing Approaches to Wear
Testing. The classic arrangement of articulating surfaces in wear testing involves an upper bearing material that is attached to a pin, and a lower bearing material that is attached to a specimen holding plate or disk. The primary advantage of this configuration is that any combination of candidate bearing materials can be incorporated into the testing setup. Typically, this has involved either a spherical or a flat material geometry on the pin, and a flat material geometry at the disk counterface. The sacrificial material ͑which experiences the greatest amount of wear͒ can be fabricated into either the pin or the disk; the decision regarding location of the sacrificial material depends on the particular type of analysis desired. Although it has an important effect on the resulting wear, primarily because the material on the surface of the pin is under constant load while the disk is loaded only periodically in discrete regions, the importance of this decision is often overlooked. Historical configurations of this pin-on-flat wear testing arrangement are most often referred to as a "pin-on-disk" wear test. Many variations of this arrangement reported in the literature are summarized in Fig. 8 and detailed in the following paragraphs, including rotary pin-on-disk, reciprocating pin-on-disk, circularly translating pin-on-disk and multi-axis pin-on-disk, configurations. For clarity, the translations and rotations of both the pin and disk have been described using consistent terminology as follows: ͑1͒ translations are given with respect to a fixed point of observation not on either the pin or disk; circular translation does not imply rotation about an internal axis, and ͑2͒ rotations are given with respect to the central axis of either the pin or disk being described, wherein the axis is normal to the bearing surface.
One of the most basic wear testing configurations is the rotary pin-on-disk method. In this method the pin is neither translated nor rotated, and the disk is rotated without translation, producing a circular wear track on the flat specimen ͑Fig. 8͒. This configuration is often used to produce constant velocity, uni-directional shearing forces at the pin and disk surfaces. The pin surface is under continuous load and uni-directional shear conditions, while only discrete locations of the flat specimen are periodically loaded in uni-directional shear during each cycle. In this manner, the pin specimen experiences the majority of the wear potential. Depending upon material fabrication and geometric constraints, the candidate material under wear investigation can be fabricated into either pins or sheets; typically the softer material ͑the polymer in a metal/polymer combination͒ is used as the upper bearing surface.
A similar type of wear testing configuration is the reciprocating pin-on-disk method. In a reciprocating pin-on-disk wear test, the pin is linearly translated back and forth along a single line trajectory without rotation, while the disk neither translates nor rotates ͑Fig. 8͒. This produces a linear wear track, with a stop/start condition at either end of the wear track, and a variable ͑usually sinusoidal͒ velocity profile along the trajectory. In this configuration, the pin surface is under continuous load and reciprocating shear conditions, while the discrete locations of the flat specimen of the wear track are periodically loaded in reciprocating shear. Similar to the rotary pin-on-disk method, the pin specimen experiences the majority of the wear potential. Historically, this reciprocating pin-on-disk configuration has been extensively used in all types of material-pair wear evaluations.
Recently, many polymers have been shown to wear more severely under conditions that produce multi-directional shear forces ͓2͔ than under uni-directional and reciprocating wear testing conditions. This has been theorized to be a result of a process whereby the long molecular chains of the polymer reorient themselves along the directions of the shear vector ͓4͔, and has been assessed using soft x-ray absorption spectroscopy to measure molecular orientation at UHMWPE surfaces ͓15͔. Such findings have resulted in the introduction of a new class of pin-on-disk wear testing systems that attempt to subject the material surfaces to multi-directional shearing forces similar to those seen in total joint replacements.
The circularly translating pin-on-disk ͑CTPOD͒ system was introduced as a method by which the pin material could be subjected to continuous multi-directional shearing conditions ͓16͔. Under this configuration, the pin neither translates nor rotates, and the disk is circularly translated underneath the pin without rotation ͑Fig. 9͒. In this manner, the pin surface is subjected to the full spectrum of shear vector orientations as the disk surface is moved underneath the pin. The disk material at each discrete location on the circular wear track continues to see only periodic unidirectional shearing forces throughout the test however. This necessitates that the candidate wear material be selected as the pin material for the wear test. The CTPOD configuration lends itself most readily to constant velocity wear testing, with periodic assessments of stop/start conditions.
Multi-axis pin-on-disk wear testing ͑Fig. 8͒ incorporates one or two additional degrees of motion into a standard reciprocating wear testing profile to produce specific cross-shear conditions ͓17-19͔. For example, the addition of oscillatory rotation to a pin which is being linearly translated, with neither rotation nor trans-lation of the disk, induces variations in the pin shearing vector over the testing cycle. With the wear material of interest at the pin, it is subjected to a specific range of shearing vector orientations while under axial load. The orientations of these shearing vectors are defined by the global displacements and rotations of the pin. These global motions are usually modeled upon existing data on knee or hip joint ranges of motion. In most cases, however, multiaxis pin-on-disk wear testing is a method that is employed to study the wear of materials under generalized cross-shear conditions. It does not usually attempt to study the phenomena of cross shear itself, however, because the effects of discrete changes in the shear vector on resulting localized wear phenomena cannot be isolated.
To study the effects of discrete changes in shearing vector orientation and magnitude on resulting wear, a new generation of multi-axis wear testing systems has recently been introduced. These wear testing devices are modeled on the ability to translate the pin relative to the disk in the x and y direction along a desired pathway, incorporating a change of direction. The pin does not rotate, and the disk neither translates nor rotates. These devices allow the pin's shear vector orientation to be controlled, with the resulting wear of the pin being directly related to the defined changes in shear vector orientation. To date, most of these multiaxis wear testing devices have only utilized a simplified rectangular path ͑Fig. 8͒ as a wear pattern ͓15,17,20-23͔, which is not necessarily representative of the range of pathways that have been quantified in artificial joint tribology ͓24͔. As opposed to CTPOD testing, in which shear vector orientations change gradually over a complete range of angles during constant sliding, the rectangular pathway tests simulate so-called "cross-path" ͓20͔ motions only at their corners, and isolate only two shear directions at perpendicular angles. These rectangular motions may perhaps be more accurately referred to as "change-path," since they result from a change in direction at a stop point, as opposed to the situation in which independent contact pathways actually cross. Since the polymer pin again experiences the majority of the wear potential, measurement of wear is accomplished through gravimetric analysis. Such testing has provided valuable insight into the implications of multi-directional motion on wear rates.
In general, most pin-on-disk wear testing configurations produce the highest wear potential for the material that is placed at the pin. For this reason, the polymeric material is most often lo- cated there, with the metallic material acting as the disk. Intrinsic to this configuration, however, is the fact that the polymer experiences constant load across the entire contacting surface area of the pin, and wear is measured by gravimetric analysis of material removal. This is contrary to the in vivo condition of total knee joint bearing surfaces whereby the polymer is cyclically loaded in discrete locations. The greater physiological relevance of the opposite situation ͑metal pin on polymer flat͒ has been noted ͓1,16͔; however the combination of such a configuration with multidirectional motion and independent, crossing pathways has remained largely unexplored.
Multi-Axis
Cross-Shear (MAX-Shear) System Concept. Inherent in any wear testing configuration is the attempt to produce specific tribological conditions for the initiation of wear. Given a set of materials with definable geometries and a defined environment in which to place these materials, most wear testing configurations differ primarily in the application of specific displacement and loading profiles between the test material and its counterface. These subtle differences in load and kinematics can often result in dramatic differences in the wear of materialcounterface combinations. In fact, it has been suggested that the kinematic condition at the bearing surfaces is the most dominant factor affecting the wear of UHMWPE and subsequently determines the type of wear process present ͓1,3,4͔. Since multidirectional motion resulting from independent crossing pathways is representative of in vivo TKR kinematics ͓10͔, testing which incorporates such kinematics may result in wear mechanisms and behavior of increasing relevance.
The MAX-Shear wear testing system is modeled on the original design concepts of a basic pin-on-flat wear testing platform. Each of the six stations incorporates an upper bearing material that is attached to a pin, and a lower bearing material that is attached to a specimen holding plate. The MAX-Shear wear testing system described in this study has incorporated the full displacement potential of the two degrees of freedom that are possible in the pin-on-disk configuration. Similar to an x-y stage on a milling machine, the disk is free to travel along any vector pathway underneath the pin, and is not limited by circular, linear or rectangular trajectories. Complex curvature profiles that include changes in velocity and acceleration are possible through closed loop computer controlled trajectory algorithms. These include point-topoint moves, circular arcs, gearing functions, velocity profiling, and specific pathways that can be defined by the user.
The MAX-Shear wear testing system was designed to allow the investigation of material performance under cross-shear conditions. Surface damage produced under these conditions has been implicated as an important failure mode for polyethylene when used as a bearing surface in total knee replacements ͓4,10͔. Because the issue of performance and failure modes under repetitive, crossing contact pathways has been historically overlooked but is of high relevance, this approach to testing becomes especially appropriate for a material under consideration for use as orthopedic bearing surfaces.
The five-pointed star pattern ͑Fig. 3͒ was used for this initial investigation to showcase the versatility of the systems design and to give increased statistical validity to the results. In this pattern, the disc translates without rotation along a trajectory intentionally incorporating changes of direction which result in a path which crosses itself. The pin neither translates nor rotates. The crossing angle of 72°is greater than that which has been currently reported in some total knee literature ͑between 0°and 10°͓9,25͔͒, but less than that which has been used for the majority of the total hip "cross-shear" studies to date ͑namely the 90°rectangular pathway ͓17,20-23͔͒. Recent hip-testing literature has been very critical of the use of the rectangular pathway as a "representative" wear pattern in total hip arthoplasty research ͓24͔. Saikko et al. quantified wear paths in a single hip articulation that were described as figure eights, bent figures of eight, straight lines, egg shaped, nonsymmetrical ovals, and elliptic figures. In contrast to the hip, total knee replacement wear testing is only beginning to quantify the ranges of sliding motion that are seen in vivo. Although current estimates have placed the range of crossing angles at somewhere between 0°and 10°, the methods and activities that have gleaned these numbers include only walking and stair-climbing activities of a single patient ͓9,25͔. In contrast, crossing angles gleaned from calculated ͓10͔ and visual ͓26͔ femoral/tibial contact pathway mapping of in vitro force controlled wear simulation indicates a much wider range of crossing angles better approximated by a 72°angle. In addition, most recent literature agrees that there must be a greater inclusion of other "adverse" activities into total knee replacement research in order to better quantify and predict the long-range performance of these implants ͓5,27͔. These adverse activities are certain to produce kinematic pathways that deviate from the standards developed for total joint materials wear testing. As such, the inclusion of a wider range of crossing angles, velocities, and crossing frequencies into basic tribological investigations is needed to better understand the effects of these adverse conditions on the longevity of bearing materials. As demonstrated in this study, the Max-Shear system is well suited to quantify the effect of variations in crossing angle, sliding velocity, and crossing frequency on resulting damage of the UHMWPE surface.
The star pattern of the contact pathway creates five central points of cross-shear damage and substantial lengths of linear damage for evaluation. In this study, identical testing conditions ͑velocity, load, geometry, lubricant͒ are maintained in the crossshear and linear shear regions of interest. This test method therefore enabled the calculation of a damage ratio that directly assesses the linear to cross-shear damage susceptibility of the material under identical testing conditions. It is hypothesized that such a value could be an intrinsic measure of the material, independent of the testing condition, and possibly reflective of a broader material wear property. This hypothesis is currently under investigation. Validation of such a finding would have broad relevance in the field of wear testing and would be an important comparator for screening and evaluation of materials for use as orthopedic bearing surfaces.
Cross-Shear versus Linear Damage-Volumetric
Analysis. Assessment of damage using volumetric analysis measures the aggregate of damage occurring due to both wear and creep processes. The average cross shear-to-linear damage ratio of 1.47 for UHMWPE indicates that damage in cross-shear areas is accumulating at 2.94 times the rate of damage to the linear areas. In a "simple" material, one which exhibits the same damage rate in both linear and cross-shear damage areas, the ratio would theoretically be 1.0. A ratio of 1.47 indicates that UHMWPE is being damaged under cross shear at a rate higher than might be expected ͑approximately three times that of linear damage͒ and suggests a different mechanism for material damage under cross path as compared to linear contact pathways. Accelerated failure of UH-MWPE at the cross shear points is clearly visible in the low magnification photograph shown in Fig. 1 . Thus, the test has successfully demonstrated that damage under crossing contact pathways is an important failure mechanism for UHMWPE and has significant implications for applications such as orthopedic bearings in which materials will be subject to wear under similar conditions.
Comparisons with
Prior "Cross-Shear" Literature. The current study utilized a pin-on-disk arrangement in a configuration resembling the physiologic condition of a metallic upper bearing surface articulating against a lower UHMWPE bearing surface. To date, the authors know of no other investigators having reproduced this experimental design using a pin-on-disk arrangement under cross-shear conditions. Thus, a direct comparison between the damage results seen in this study with results from other multi-directional wear testing results reported in the literature is problematic. The current study has been able to quantify the surface damage of discrete UHMWPE surfaces that have been subjected to known measures of cross-shear related variables. The cross-shear damage reported in this study is a direct result of a known geometry, velocity, axial load, and two discrete cross-pathway shear vectors. As of yet, no other investigators have been able to study the localized effects of any of these crossshear variables on UHMWPE wear because of the averaging effects that the placement of the UHMWPE material at the pin has had on the wear testing results.
Several authors have now published "cross-shear" wear testing results using rectangular pathways that have been generated using UHMWPE pins sliding against metallic plates ͓15,17,20-23͔. A comparison of these published methods with those of the current study highlights many fundamental issues related to the experimental modeling and measurement of cross-shear wear. These rectangular pathway studies have modeled so-called "cross-path" motion by subjecting the UHMWPE pin surface to changes in sliding direction around a noncrossing, closed-loop pathway while under continuous loading conditions and have compared this to either reciprocating or linear sliding conditions. Most of these studies describe this rectangular sliding motion as "cross-path" motion; although at no point do any surfaces actually cross paths during the trajectory. Rather, all points on the polymer surface are subjected to ϳ90°changes in directions between the linear motion segments that make up the rectangle. The motion could more accurately be described as "change-path" or "corner-path" motion, although the term "multidirectional" motion is now more generally accepted.
While this rectangular motion does induce a change in the shearing orientation of the polymer surface, it does so under static frictional coefficient conditions. All changes of shear vector orientation occur at the corners of motion, where near-zero velocity conditions exist under axial loading conditions. The current study measured high static frictional transients at the corner stop/start points of the five-pointed start pattern, which are in some ways analogous to the rectangle corners in change-path tests. These frictional transients were greater in magnitude than the transients measured at the cross-shear locations. The degree to which changes in shearing orientation under static conditions versus dynamic sliding conditions affect the wear of UHMWPE is unclear, although it is probable that different lubrication mechanisms and frictional coefficients are most likely influential in the wear process under such start/stop conditions. This is an important factor considering that the classical reciprocating pathway is only subjected to two stop/start segments, whereas the "cross-shear" rectangular pathway is subjected to four.
In general, cross shear is the condition whereby a surface is subjected to changes in the shear vector orientation under load. It is theorized that changes in the shear vector orientation during cyclic sliding conditions induce accelerated wearing of the UHM-WPE surface. As such, if the effect of cross shear on the wear of a material is to be elucidated, the kinematic magnitudes and orientations of all shear-loading pathways must be quantified during testing. These kinematic variables must then be combined with known measures of surface friction, compressive load, and material constants to develop a working hypothesis for how cross shear influences the wear of materials. For visco-elastic materials such as UHMWPE, it is also important to quantify the time delay between the two crossing events and the loading history of the surface area of interest. If the basic kinematic parameters of cross shear are not known or monitored, no direct assessment of the effects of cross-shear kinematics on the wear of materials can be made. To date, all of the authors that have published work using rectangular motion pathways ͓15,17,20-23͔ have failed to provide a complete or even a minimal description of the kinematic variables that are necessary to describe the rectangular motion pathway that was used in their studies. Although all authors describe the shape of the motion pathway, none report the fundamental measures of entraining velocity, acceleration, deceleration, or the dwell time of these rectangular motion segments, the independent effects of which may hold key answers to understanding the crossshear phenomenon.
This study introduced a method whereby the influence of cross shear on the wear of UHMWPE has been approached from a basic scientific standpoint. The magnitudes and orientations of the kinematic variables responsible for cross shear have been isolated to a single set of crossing pathways which have been defined and quantified during testing. Unlike pin-on-disk cross-shear studies that place the UHMWPE material at the pin, the current study isolates the kinematic effects of cross shear on the UHMWPE surface and can therefore examine how individual factors such as velocity and crossing angle affect the wear of materials.
The rectangular motion pathway has been popularized by the clinical observation that it represents a simple approximation of in vivo hip surface articulating motion ͓28,29͔, and by the theoretical ͓30͔ and experimental ͓18͔ observation that as the crossing angle during cross shear wear increases up to 90°, so too does the resulting wear rate. More recent research shows, however, that the motion pathways about which the hip and knee bearing surfaces are subjected to even during daily activities are far more complex than simple rectangular pathways ͓6,9,10,14,16,25,26,31,32͔. To date there are limited experimental results regarding the dependence of wear solely on crossing angle ͑especially at higher crossing angles͒, and current theoretical estimates of cross-path wear dependence on motion pathways have not been able to adequately describe the full range of experimental results gleaned to date using even the simple rectangular pathway model ͓15,17,20-23͔.
In summary, existing approaches to the study of cross-shear mechanisms and wear have produced valuable results which confirm the significance of the cross-shear phenomenon and its importance to material considerations for orthopaedic bearing applications. However, previous studies have tended to favor polymeric pin configurations, non crossing pathways in which directional change occurs at negligible velocities, and uncontrolled or unspecified kinematic variables. Each of these factors tends to reduce both the similarity to physiological conditions and the ability to elucidate the independent effect of several experimental parameters. The design of the current study introduces the ability to examine cross shear in new and specific detail by creating discrete areas of surface damage via crossing, independent pathways resulting from carefully selected and controlled geometries, velocities, and axial loads. The combination of this approach with material considerations and friction analysis provides a useful framework for the development of a detailed hypothesis of the influence of cross shear on materials.
Scanning Electron Microscopy Analysis.
Scanning electron microscopy ͑SEM͒ analysis of the polymer specimens was utilized to further characterize the damage tracks and compare areas damaged under cross shear to those damaged during linear contact. SEM provides higher magnification and much better resolution than noncontact surface profilometry, but tends to be a more qualitative analysis because it is unable to establish accurate differences in three-dimensional depth. Thus, SEM provides information which complements profilometric calculations.
UHMWPE showed distinct differences between linear and cross-shear portions of damage tracks. Linear portions of the damage track were characterized by fibrils oriented in a direction parallel to motion of contact along the damage track. In contrast, cross-shear portions of the damage track had a markedly different appearance which varied depending on location within the cross shear area, ranging from the cobblestone-like patterns with ridges aligned both parallel and perpendicular to the closest or dominant linear damage track, to larger smeared fibrils in the center of the cross shear area. The type of material damage was clearly different between linear and cross-shear areas, implying different damage mechanisms in the two locations and supporting the profilometric analysis showing a significant difference between the damage modes in the two areas.
4.6 Friction. The following wear processes are hypothesized to occur as a result of the motions and loading encountered in vivo at TKR bearing surfaces. ͑1͒ Contact-induced shear in a principal direction causes localized alignment of poly͑ethylene͒ chains parallel to the principal direction of shear. ͑2͒ This is followed by contact pathways at variable angles to the principal direction which generate shearing forces not aligned with the induced molecular orientation. ͑3͒ In combination with the decrease in wear resistance due to induced directional anisotropy, this "cross shear" results in accelerated surface damage. As a result of the wide spectrum of in vivo kinematics seen at the bearing surface, these effects tend to be dispersed over a relatively large damage area of the implant surface as compared to the much more focused regions in the current test configuration. The intentional concentration of these mechanisms in the in vitro test allows investigation into the effects of multidirectional kinematics on friction. The occurrence of increases in discrete crossing-point friction coefficients in the test suggests that similar increases may be occurring in vivo, albeit to a less detectable extent. Also, the contribution of creep versus wear to aggregate damage may affect the magnitude of the increases in friction coefficient. Thus the relative size of the increase may indicate whether a creep or wear damage mechanism dominates the material behavior under cross shear. This phenomenon ͑in conjunction with other directed testing using different materials͒ is under ongoing investigation.
Conclusions
This investigation has demonstrated the development of a novel wear testing system which can implement complex multidirectional motion and independent crossing pathways similar to those discrete pathways occurring in vivo in total knee replacements. The MAX-Shear wear testing system was used to establish a direct, quantitative relationship between cross-shear and linear damage. The ratio of these two measurements is an indication of the intrinsic resistance to cross-shear damage of the material being tested, which may be a useful comparator for the screening and evaluation of candidate materials for orthopedic bearing applications. The normalized volume loss ratio of 1.47 for UHMWPE indicates that surface damage is accelerated under cross-shear as compared to linear shear conditions and suggests that there is a fundamental difference in UHMWPE behavior in response to multi-directional versus linear forces, an observation which is consistent with the visual assessment of these samples using scanning electron microscopy.
